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Targeted Stimulation of Meiotic Recombination
Weaver, 2001). As engagingly reviewed by H.L.K.Ana Pecin˜a,1 Kathleen N. Smith,1,5
Christine Me´zard,1,6 Hajime Murakami,2,3 Whitehouse (1982), about a century ago de Vries (1903)
Kunihiro Ohta,2,3 and Alain Nicolas1,4 predicted that exchanges take place between homolo-
1Institut Curie gous maternal and paternal chromosomes during hered-
Section de Recherche itary transmission. Soon thereafter, Bateson (1905) dis-
CNRS UMR 144 covered partial linkage between the petal color and
26 rue d’Ulm pollen shape characters in Sweet Pea. These and suc-
75248, Paris Cedex 05 cessive discoveries in the emerging field of recombina-
France tion led to the notion of genetic distances, as measured
2 The Graduate School of Science and Engineering by the frequency of exchange (crossing over) between
Saitama University linked markers, and to the development of linkage maps
Urawa-shi (Morgan and Cattell, 1912; Sturtevant, 1913). Sturtevant
Saitama 338-8570 wrote, “Of course, there is no knowing whether or not
Japan these distances as drawn represent the actual relative
3 Genetic Dynamics Research Unit-Laboratory spacial distances apart of the factors.” Since the advent
The Institute of Physical and Chemical of the molecular era, this prescient insight has been
Research (RIKEN) extensively verified by quantitative comparisons of ge-
Wako netic and physical distances. For all organisms exam-
Saitama 351-01 ined, including the yeast Saccharomyces cerevisiae
Japan (Goffeau et al., 1997), Arabidopsis thaliana (Mozo et al.,
1999), Drosophila melanogaster (Noor et al., 2001), Mus
musculus (Moore et al., 1999), and man (Yu et al., 2001),
meiotic recombination rates (expressed as cM/kb) varySummary
by almost two orders of magnitude along chromosomes,
such that some loci are recombinational “hotspots” andMeiotic recombination in Saccharomyces cerevisiae
others are “coldspots”. In S. cerevisiae, meiotic recom-is initiated by programmed DNA double-strand breaks
bination results from the formation and repair of pro-(DSBs), a process that requires the Spo11 protein.
grammed DNA double-strand breaks (DSBs) (for re-DSBs usually occur in intergenic regions that display
views: Lichten and Goldman, 1995; Smith and Nicolas,open chromatin accessibility, but other determinants
1998; Zickler and Kleckner, 1998, 1999; Baudat andthat control their frequencies and non-random chro-
Keeney, 2001; Keeney, 2001; Petes, 2001). Numerousmosomal distribution remain obscure. We report that a
studies have shown that natural DSB sites are not evenlySpo11 construct bearing the Gal4 DNA binding domain
distributed and that cleavage frequencies vary 10–100-not only rescues spo11 spore inviability and cata-
fold from site to site (Zenvirth et al., 1992; Wu and Lich-lyzes DSB formation at natural sites but also strongly
ten, 1994; Baudat and Nicolas, 1997; Gerton et al., 2000).stimulates DSB formation near Gal4 binding sites. At
The factors that determine whether a specific region orGAL2, a naturally DSB-cold locus, Gal4BD-Spo11 cre-
site is prone to DSB formation (and hence, recombina-ates a recombinational hotspot that depends on all
tion) are not completely understood, but they are knownthe other DSB gene functions, showing that the tar-
to act both locally and globally. Locally, gene organiza-geting of Spo11 to a specific site is sufficient to stimu-
tion and chromatin structure appear to be of paramount,late meiotic recombination that is under normal physi-
and related, importance. Natural DSB sites are typicallyological control.
in promoter-containing regions (Wu and Lichten, 1994;
Baudat and Nicolas, 1997). At the HIS4 locus, two typesIntroduction
of recombinational hotspot have been distinguished, 
(transcription factor-dependent but not transcription-In sexually reproducing organisms, the halving of the
dependent) and  (transcription factor-independent)DNA content of a diploid germ line cell during the meiotic
hotspots (Petes, 2001). More notably, all known DSBcell cycle allows for the production of haploid gametes.
sites are located in regions that are sensitive to DNaseIDuring this process, recombination plays a dual role: it
or micrococcal nuclease (MNaseI) in both mitotic andshuffles information along the lengths of homologous
meiotic cells, suggesting that an open chromatin config-chromosomes, creating the genetic diversity that is
uration is necessary for cleavage (Ohta et al., 1994; Wutransmitted to progeny, and it ensures the proper segre-
and Lichten, 1994; Fan and Petes, 1996; Keeney andgation of homologs to opposite poles during the first of
Kleckner, 1996). However, local chromatin accessibilitythe two meiotic divisions (for review, Lee and Orr-
cannot be the sole arbiter of DSB site selectivity, be-
cause not all nuclease-hypersensitive sites are DSB
4 Correspondence: alain.nicolas@curie.fr sites.5Present address: Mixis France, Faculte´ de Me´decine Necker, 156
Global determinants also control the distribution ofrue de Vaugirard, 75730 Paris Cedex 15, France.
DSBs. Both high resolution on yeast chromosome III6Present address: INRA, Station de Ge´ne´tique et d’Ame´lioration des
Plantes, Route de Saint-Cyr, F-78026 Versailles Cedex, France. and genome-wide mapping of DSB sites demonstrate
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Resultsthat chromosomes can be subdivided into large do-
mains hot or cold for DSB formation (Zenvirth et al.,
The Gal4BD-Spo11 Fusion Protein Is Expressed1992; Baudat and Nicolas, 1997; Gerton et al., 2000). The
in Meiosismolecular basis of these DSB-proficient or -refractory
A fusion encoding the DNA binding domain of Gal4domains has not been elucidated, but the finding that
(Gal4BD, amino acids 1–147) with the N terminus of thea recombination-proficient reporter inserted at various
full-length S. cerevisiae Spo11 protein was placed undersites along chromosome III adopts local properties with
the control of the ADH1 promoter (Figure 1A) and inte-respect to DNaseI sensitivity and frequencies of DSB
grated at the TRP1 locus in a spo11 strain. Homozy-formation and recombination demonstrates that do-
gous diploids were derived by genetic crosses (Tablemain-level controls are superimposed on local determi-
1). To verify expression, total RNA was analyzed duringnants (Borde et al., 1999). Collectively, these studies
vegetative growth and in meiosis by Northern blot analy-indicate that hot regions can be made cold, but thus
sis. In wild-type diploids, SPO11 mRNA begins to accu-far the converse has not been observed: cold regions
mulate after transfer of cells to sporulation medium andtypically remain cold.
decreases after 7 hr, by which time ascospores haveDSB frequency variation is also influenced by trans-
begun to form (Figure 1B). In contrast, GAL4BD-SPO11acting factors. Numerous genes are essential for DSB
mRNA is detected in both vegetative and meiotic cells,formation, including SPO11, MEI4, MER2/REC107,
but like SPO11 mRNA, it decreases at later time points
MRE2/NAM8, MRE11, RAD50, REC102, REC103/SKI8,
(6–7 hr). Transcript quantification (Figure 1C) indicates
REC104, REC114, and XRS2, but in most cases, their that the fusion is highly expressed in vegetative cells and
molecular roles are unknown (Keeney, 2001). Null mu- that the GAL4BD-SPO11 mRNA levels are only slightly
tants for all of the above genes are recombinationally greater than SPO11 mRNA levels during meiotic pro-
defective in meiosis and produce inviable spores. Four phase (2–6 hr), most likely because the ADH1 promoter
other meiosis-specific genes are required for full levels is less active in meiotic than in mitotic cells (Chu et al.,
of DSBs: MEK1/MRE4, RED1, HOP1, and MER1. SPO11 1998), whereas the SPO11 promoter is strongly induced
encodes a protein that shares sequence similarity with (Atcheson et al., 1987). Finally, Western blot analysis
the smaller subunit (Top6A) of the type II topoisomerase shows that the fusion protein is expressed in both mi-
of the archaebacterium Sulfobolus shibatae (Bergerat totic and meiotic GAL4BD-SPO11 cells and is of the
et al., 1997). Spo11 remains covalently linked to the 5- expected size, 63.5 kDa (Figure 1D).
strand termini of DSB fragments in mutants (e.g.,
rad50S) that are defective for the 5 to 3 nucleolytic Gal4BD-Spo11 Complements the spo11
processing of DSB ends that normally precedes repair Sporulation Defect
(Keeney et al., 1997), indicating that it is the catalytic Diploid spo11 cells can sporulate but produce inviable
progeny because chromosomes segregate abnormallycomponent of the meiotic DSB cleavage activity. These
when meiotic recombination is not initiated (Klapholz etand other studies have demonstrated that Spo11 or-
al., 1985). We asked whether the Gal4BD-Spo11 proteinthologs may be universally required for meiotic recombi-
could complement a spo11 diploid in this respect. Likenation, strongly suggesting that DSBs initiate meiotic
wild-type SPO11 (ORD5740) and spo11 (ORD5805)recombination in all sexually reproducing eukaryotes
strains, a GAL4BD-SPO11 spo11 diploid (ORD5806)(Keeney, 2001). Site-directed mutagenesis has been
sporulates efficiently (approximately 80%), giving riseused to identify regions of Spo11 that contribute to
primarily to four-spored asci. Tetrad analysis showsstrand cleavage and DNA binding, demonstrating the
that, as expected, none of the spores produced byfunctional significance of structural motifs conserved
spo11 diploids germinates (0/512). In contrast, sporesthroughout the Spo11/Top6A family (Bergerat et al.,
derived from the GAL4BD-SPO11 spo11 diploid are1997; Diaz et al., 2002). Interestingly, variations in the
fully viable (531/552, 96%), the same as observed forlevel and distribution of DSBs at the his4::LEU2 hotspot
progeny of the SPO11 diploid (505/526, 96%). Highin some spo11 mutants suggests that Spo11 is not only
spore viability was similarly found for a diploid that con-
involved in cleavage but also participates in DSB site
tains both GAL4BD-SPO11 and SPO11 (ORD5817). Alto-
selection, at least locally (Diaz et al., 2002). gether, these results demonstrate that the GAL4BD-
To test whether Spo11 participates in selecting DSB SPO11 construct is functional and that it confers no
regions at the genome-wide level and to determine adverse effect.
whether it could stimulate recombination in cold re-
gions, we altered its substrate specificity by fusing it to Gal4BD-Spo11 Promotes DSB Formation
the DNA binding domain of the Gal4 protein (Gal4BD), at Natural Sites
creating a Gal4BD-Spo11 chimeric protein. The Gal4 Since spore viability depends on meiotic recombination
protein, one of the best characterized transcriptional between each of a pair of homologous chromosomes,
activators in S. cerevisiae, binds to a consensus 17- the complementation of the spo11 defect by GAL4BD-
base pair (CGGN11CCG) upstream activator sequence SPO11 suggested that the fusion protein might also
(UASGAL) through its N-terminal domain (Johnston, 1987). rescue the spo11 DSB defect. To test this idea, we
We report here that the Gal4BD-Spo11 fusion protein examined several regions of the genome at which mei-
stimulates DSB formation with associated recombina- otic DSBs normally form. The YCR043c-48w region of
tion near known UASGAL sites and Gal4 consensus bind- chromosome III contains numerous DSB sites, including
a strong hotspot in the YCR047c-48w intergenic regioning sites, even in naturally cold DSB regions.
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(Zenvirth et al., 1992; Baudat and Nicolas, 1997). As
shown in Figure 2A, these DSBs form in both SPO11 and
GAL4BD-SPO11 meiotic cells. In the GAL4BD-SPO11
strain two DSB sites can be seen within the YCR048w
coding region, which is notable since natural DSBs are
generally restricted to promoter-containing regions (Fig-
ure 2A, and see below). A quantitative analysis of DSB
band intensity indicates that the cumulative frequency
of meiotic DSBs in this 9.6 kb chromosomal region is
similar in both strains (approximately 13  2%). In most
cases, the DSB frequency at a given site is also similar,
although DSBs form at a lower frequency in the
YCR047c-48w intergenic region in the GAL4BD-SPO11
diploid than in the SPO11 diploid (5  1% versus 11 
1%, respectively) (Figure 2B). Interestingly, the decrease
in DSB frequency at this site is locally offset by the
appearance of DSBs in the YCR048w ORF (4  1%);
this redistribution is suggestive of competition between
adjacent DSB sites, as previously reported for Spo11-
initiated DSBs (Wu and Lichten, 1995). We also exam-
ined two other well-characterized regions, the ARG4
and CYS3 loci (Sun et al., 1989; Vedel and Nicolas, 1999).
In both cases, we detected similar meiotic DSB profiles
in SPO11 and GAL4BD-SPO11 cells, with respect to
positioning and intensity (Figures 2C and 2D). Alto-
gether, these results demonstrate that the Gal4BD-
Spo11 protein can promote DSB formation at natural
sites at frequencies comparable to those promoted by
wild-type Spo11, thereby explaining its ability to fully
complement the inviability of spo11 spores.
Gal4BD-Spo11 Promotes DSB Formation near
Gal4 Consensus Binding Sites
As described above, we observed two additional DSB
sites in the YCR048w coding region (Figure 2A). Al-
though these DSBs could result from an aberration in
the targeting specificity of the Spo11 protein domain
per se, at least in regions such as the YCR048w locus
where Spo11 is already active, an examination of the
YCR048w ORF revealed two internal Gal4 consensus
binding site motifs at the estimated positions of the
DSBs. This observation indicates that the Gal4BD-
Spo11 protein can target DSBs to specific sequences,
at least in this cleavage-proficient chromosomal domain
(Baudat and Nicolas, 1997).
To determine whether the tethering of Gal4BD to
Spo11 allows meiotic DSBs to be targeted to known
Gal4 binding sites, we examined several loci containing
UASGAL sites that have been implicated in galactose ca-
tabolism (Johnston, 1987). The GAL2 promoter region
Figure 1. Structure and Expression of GAL4BD-SPO11 contains four UASGAL sequences, two of which are con-
(A) The plasmid pAP1 containing the GAL4BD-SPO11 fusion under stitutively bound by Gal4 in vivo (Huibregtse et al., 1993;
the control of the ADH1 promoter (pADH1) and terminator (tADH1) Ren et al., 2000). In a SPO11 strain, DSBs are barely
was constructed as described in Experimental Procedures. Amino detectable at the GAL2 locus, indicating that this region
acid residues derived from the Gal4BD and Spo11 proteins are
is not a frequent natural DSB site. In contrast, in aindicated above and below, respectively.
GAL4BD-SPO11 strain, prominent DSBs can be ob-(B) For Northern analysis, total RNA was prepared from SPO11
served in the GAL2 promoter near or at the UASGAL sites(ORD5740) and GAL4BD-SPO11 (ORD5806) cells during vegetative
growth (Y) or at different times after transfer to sporulation medium
and hybridized with a SPO11 probe. Blots were rehybridized with
an ACT1 probe to provide a basis of comparison.
(C) Quantification of the levels of SPO11 (circles) and GAL4BD- sis using an anti-Gal4(DBD) antibody. Equivalent amounts of total
SPO11 (squares) transcript with respect to the level of ACT1 mRNA protein are loaded on each lane, indicating that the fusion protein
over the course of meiosis. is present at a constant level in ORD5806 cells throughout meiosis.
(D) The Gal4BD-Spo11 protein was detected by Western blot analy- No signal was detected for spo11 diploids (ORD5805).
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Figure 2. Meiotic DSB Formation at the Natural YCR043c-YCR048w, ARG4, and CYS3 Hotspots in SPO11 and GAL4BD-SPO11 Diploids
Genomic DNA was prepared from SPO11 (ORD1181) and GAL4BD-SPO11 (ORD5807) diploids taken at the indicated time after transfer to
sporulation medium and DSBs were detected by Southern analysis. These strains are homozygous for the rad50S::URA3 allele, which permits
DSB formation but prevents resection and repair (Alani et al., 1990). At the right of each gel, a map of the region shows ORFs (open arrows
indicate transcriptional sense), DSB sites (arrows), and the positions of the probes.
(A) DSB formation in the YCR043c-48w region. DNA was digested with AseI and probed with a YCR048w internal fragment. Gal4 consensus
binding sequences in the YCR048w ORF are shown as black bars.
(B) Quantification of prominent DSBs in the SPO11 and GAL4BD-SPO11 cells shown in Figure 2A. The sums of the frequencies of DSBs in
the YCR046c promoter (1), the YCR047c-48w promoter (2), and the YCR048w ORF (3) are represented as a histogram. These sums account
for  99% of the total DSBs detected in the YCR043c-48w interval.
(C) DSB formation at the ARG4 locus. DNA was digested with SnaBI and probed with an ARG4 internal fragment. The asterisk indicates a
crosshybridizing band.
(D) DSB formation at the CYS3 locus. DNA was digested with HindIII and probed with a FUN36 internal fragment.
(Figure 3A). Similar to what was observed for the experiments indicates that the frequency of GAL2 DSBs
in the GAL4BD-SPO11 strain is approximately 12 2%,YCR043c-48w interval, DSBs appear at the GAL2 locus
in GAL4BD-SPO11 meiotic cells within 2 hr of transfer in contrast to  0.6% observed in the wild-type strain,
a 20-fold stimulation (Figure 3A).of cells to sporulation medium, and their intensity in-
creases over the course of meiosis, reaching a maximum To generalize our observations, we examined the
GAL7, GAL10, and GAL1 genes, which like GAL2 areat 8–10 hr. Quantitative analysis of several independent
Targeted Recombination in Meiosis
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Figure 3. GAL4BD-SPO11–Promoted DSBs at Loci with UASGAL Sequences
Genomic DNA was prepared from SPO11 (ORD1181) and GAL4BD-SPO11 (ORD5807) diploids and analyzed as described in Figure 2. UASGAL
sequences are indicated as boxes.
(A) DSB formation at the GAL2 locus. DNA was digested with XbaI and NcoI and probed with a GAL2 internal fragment.
(B) DSB formation at the GAL1,7,10 locus. DNA was digested with ClaI and AatII and probed with a GAL1 internal fragment.
transcriptionally induced by Gal4 in the presence of ga- by 3 hr and disappearing between 7–9 hr) suggests that
these DSBs are repaired with normal kinetics.lactose. At these loci, meiotic DSBs do not form in
SPO11 diploids but in contrast are readily detectable at To assess whether Gal4BD-Spo11-dependent DSBs
are repaired by homologous recombination, we thenor near their associated UASGAL sites in GAL4BD-SPO11
diploids (Figure 3B). Quantitative analysis indicates a measured the frequency of meiotic gene conversion at
the GAL2 locus. For this purpose, we constructed asubstantial stimulation of DSB formation, with frequen-
cies of 4 1% for the GAL7 upstream region and 2 1% mutant allele, gal2-Bsp, which confers a slow growth
phenotype on galactose, and derived GAL2/gal2-Bspfor the divergently transcribed GAL1-GAL10 intergenic
region. This is notably lower than the frequency of 12  heterozygotes in both the SPO11 and GAL4BD-SPO11
backgrounds. From 218 four-spore tetrads produced by2% observed for the GAL2 promoter (Figure 3A). Alto-
gether, we conclude that the Gal4BD-Spo11 protein can the SPO11 diploid, we found only five conversion events.
In contrast, for the GAL4BD-SPO11 strain, we observedtarget meiosis-specific DSBs to Gal4 DNA binding sites,
creating novel genomic DSB sites of varying strength. 55 conversion events, as indicated by equivalent num-
bers of 3:1 and 1:3 tetrads, among 212 tetrads analyzedFinally, we verified with several control strains that
the Gal4BD-Spo11 fusion protein is solely responsible (26%), a 10-fold increase over the level observed for the
SPO11 strain (Figures 4B and 4C). Tetrads exhibiting afor the appearance of these DSBs (data not shown).
First, spo11 strains expressing the Gal4BD- 4:0 or 0:4 configuration were not seen. Gal4BD-Spo11-
promoted DSBs can also initiate recombination at otherspo11Y135F fusion protein, in which the presumed cata-
lytically active tyrosine residue of Spo11 is replaced loci; we confirmed by tetrad analysis that the frequen-
cies of meiotic gene conversion at the ARG4 naturalby phenylalanine (Bergerat et al., 1997), do not exhibit
meiotic DSBs either in the YCR043c-48w region or at hotspot are similar in SPO11 and GAL4BD-SPO11 dip-
loids (data not shown). These results show that the DSBsthe GAL2 locus. Second, SPO11 strains expressing the
Gal4 binding domain either alone or fused to Rpb5 (an formed in the GAL2 promoter in GAL4BD-SPO11 strains
are recombinogenic and behave like Spo11-inducedRNA polymerase subunit whose function is unrelated to
the initiation of recombination) and a strain expressing breaks.
a pADH1::SPO11 construct (without the Gal4BD) exhibit
DSBs in the YCR043c-048w region but not at the GAL2 Gal4BD-Spo11 Promotes Cleavage in a Large
locus. Collectively, these control experiments demon- Region that Is Normally Cold
strate that the stimulation of Gal4BD-Spo11-dependent for DSB Formation
DSBs near Gal4 binding sites requires both the Gal4BD We extended our analysis of Gal4BD-Spo11 activity to
and Spo11 components of the chimeric protein. an approximately 20 kb interval centered on GAL2 (be-
tween the YLR072w and RAX2 ORFs) that contains eight
intergenic promoter-containing regions (Figure 5A). In aThe Gal4BD-Spo11 Fusion Strongly Stimulates
Recombination at the GAL2 Locus SPO11 strain, we observed no DSBs in this interval. In
a GAL4BD-SPO11 strain, the GAL2 promoter region isTo determine whether the GAL4BD-SPO11-promoted
DSBs are recombinogenic, we first examined meiotic the only site at which DSBs can be detected. Since there
are no other Gal4 consensus sequences in this interval,DSB fragments in the GAL2 region in a RAD50 back-
ground to see if they are processed like Spo11-induced these results underscore three important features of
Gal4BD-Spo11 DSB activity. First, the stimulation ofDSBs. We detected DSBs (Figure 4A) as a smear of
fragments of greater mobility than the discrete rad50S DSBs near GAL2 is specifically targeted. Second, cleav-
age at GAL2 does not promote the nearby formation ofband, showing that the GAL2 DSBs undergo processing.
Moreover, the transient nature of the smear (appearing other DSBs. Third, in contrast to what is observed for
Cell
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Figure 4. Recombination Is Stimulated at the
GAL2 Locus in a GAL4BD-SPO11 Strain
(A) DSB formation at the GAL2 locus in a
RAD50 strain (ORD5806). Genomic DNA was
digested with XbaI-NcoI and probed with a
GAL2 internal fragment. Arrow at left shows
DSBs at the GAL2 UASGAL site in an isogenic
rad50S strain (ORD 5807); the bar at right
indicates the extent of the “smear” of DSB
fragments.
(B) Segregation of the GAL2 and gal2-Bsp
alleles among progeny of a GAL4BD-SPO11
diploid (ORD6626). Tetrads were dissected
on YPD and colonies were replica plated to
YPGal. The gal2-Bsp allele confers a slow
growth phenotype. Gene conversions (3:1	
and 1:3	) and Mendelian (2:2	) segrega-
tion patterns can be seen in this example.
(C) Meiotic gene conversion frequencies
at the GAL2 locus in GAL4BD-SPO11
(ORD6626) and SPO11 (ORD6632) diploids
heterozygous for the GAL2 and gal2-Bsp al-
leles.
Figure 5. The GAL2 Locus Is Located in a Normally Cold Region but DSBs Promoted by the Gal4BD-Spo11 Protein Are Associated with
Changes in Chromatin Accessibility
(A) Southern blot analysis of DSB formation in a 20 kb interval centered on the GAL2 locus. Meiotic DNA from SPO11 (ORD1181) and GAL4BD-
SPO11 (ORD5807) diploids was digested with the indicated restriction enzymes and probed with a GAL2 internal fragment. The schematic
shows the transcriptional senses of genes and relevant restriction sites. Arrows indicate DSB sites.
(B) The meiotic chromatin transition at the GAL2 locus. Chromatin was isolated from SPO11 (ORD5740) and GAL4BD-SPO11 (ORD5806) cells
in presporulation medium (premeiotic) or from cells after 4 hr in sporulation medium (meiotic), treated with MNase (0, 5, 10, or 20 U/ml, as
represented by solid triangles), and analyzed by an indirect end-labeling method. The diagram at right shows the position of the GAL2 ORF
in the parental fragment. The arrow indicates the GAL2 MNase-hypersensive site at the UASGAL sequences (boxes).
(C) Quantification of MNase sensitivity at the Gal4 binding site of GAL2, expressed as the percentage of radioactivity for the band indicated
by an arrow in (B) relative to total lane radioactivity and plotted as a function of MNase concentration.
Targeted Recombination in Meiosis
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Figure 6. Genetic Requirements for DSB Formation in SPO11 and GAL4BD-SPO11 Strains
Southern blot analyses were carried out as in Figures 2 and 3 to measure meiotic DSB frequencies (z axis) at the GAL2 locus, YCR048w ORF
and YCR048w promoter (y axis) in rad50S (or com1, in the case of rad50 and xrs2) diploids carrying the SPO11 or GAL4BD-SPO11
constructs (black or white bars, respectively), in wild-type and mutant (x axis) backgrounds. Strain genotypes are listed in Table 1. DSB
frequencies were determined at 8 or 10 hr after transfer to sporulation medium.
DSBs in the YCR048w region of chromosome III, the domain to Spo11 might bypass this requirement, at least
for DSBs at Gal4 binding sites. Southern blot analysisGAL2 DSBs occur in a naturally cold chromosomal
region. indicates that rec102, rec103/ski8, rec104, rec114, mei4,
mer2/rec107, mre2/nam8, mre11, rad50, and xrs2 null
mutants, in either the SPO11 or GAL4BD-SPO11 back-DSBs at GAL2 Are Accompanied by a Local Increase
ground, do not exhibit meiotic DSBs in the YCR043c-in MNase Sensitivity during Early Meiosis
048w interval or at GAL2 (Figure 6). The frequency ofThe hypersensitivity of chromatin to MNase at hotspots
Gal4BD-Spo11 promoted DSBs at the GAL2 locus isincreases during early meiotic prophase, before DSB
reduced about 3-fold in red1 mutants and 10-fold information (Ohta et al., 1994). To determine whether the
mre4/mek1 and hop1 mutants; DSBs are almost unde-presence of Gal4BD-Spo11 alters the accessibility of
tectable in mer1 mutants. In the YCR048w regionchromatin to nucleases at future DSB sites, we assessed
(promoter  ORF), the red1, mer1, and hop1 mutationsthe effects of MNase on the GAL2 locus during meiosis
have increasingly repressive effects in both strains but(Figure 5B). We found no significant meiotic change
the mre4/mek1 mutation has no effect. The differentialin MNase sensitivity at this locus in SPO11 diploids,
effects of each of these mutations on chromosome IIIconsistent with the absence of DSBs. In contrast,
and at GAL2 may reflect locus-specific variation, butGAL4BD-SPO11 cells exhibit a meiosis-specific in-
overall, these results show that DSB formation increase in sensitivity, as seen after 4 hr in sporulation
GAL4BD-SPO11 strains depends on the same proteinsmedium (Figures 5B and 5C), a time at which DSBs are
that are important for cleavage in SPO11 strains.forming. In strains expressing Gal4 either alone or fused
to Rpb5, we observed that the chromatin configuration
of the GAL2 locus is unaffected (data not shown). Thus, Gal4BD-Spo11 Cleavage also Requires Clb5
the meiosis-specific chromatin transition observed at Clb6 Activity
the GAL2 locus requires the presence of the Gal4BD- The B-type cyclins CLB5 and CLB6 are required for
Spo11 construct and is not simply due to an enhanced meiotic replication (Chu et al., 1998; Dirick et al., 1998;
binding of the Gal4 DNA binding domain to target se- Stuart and Wittenberg, 1998) and for meiotic DSB forma-
quences in the GAL2 promoter. tion (Smith et al., 2001). To determine whether Gal4BD-
Spo11-promoted DSBs also depend on Clb5 and Clb6
activity, we assayed DSB formation in clb5 and clb5DSB Formation by Gal4BD-Spo11 Depends
on the Other Known DSB Genes clb6 diploids containing the GAL4BD-SPO11 construct
(Table 1). As indicated in Figure 6, we did not detectWe reasoned that if one or more of the other proteins
involved in DSB formation is necessary to recruit Spo11 DSBs at either the YCR048w or the GAL2 locus in these
strains, demonstrating that the addition of a heterolo-to future DSB sites, the addition of the Gal4 DNA binding
Cell
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Table 1. Strain Genotypes
Strain Relevant Genotype
ORD1181 a/ rad50S::URA3/”
ORD5740 a/ arg4-nsp/arg4-bg LEU2/leu2
ORD5805 a/ spo11::URA3/” arg4-bg/arg4-rV NUC1/nuc1::LEU2 leu2/”
ORD5806 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” arg4-bg/arg4-rV nuc1::LEU2/” leu2/”
ORD5807 a/ trp1::G4BD-SPO11-TRP1-KanMX/” spo11::URA3/” rad50S::URA3/” arg4-bg/” NUC1/nuc1::LEU2 leu2/”
ORD5817 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” arg4-bg/ARG4 leu2/”
ORD5821 a/ rec102::URA3/” rad50S::LEU2/” leu2/”
ORD5828 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” mre4::URA3/” rad50S::LEU2/” arg4-bg/arg4-rV leu2/”
ORD5845 a/ mre4::URA3/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD5846 a/ mre2::URA3/” rad50S::LEU2/” leu2/”
ORD5849 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” mre2::URA3/” rad50S::LEU2/” arg4-rV/” leu2/”
ORD5851 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” rec104::LEU2/” rad50S::URA3/” arg4-bg/” leu2/”
ORD5857 a/ rec104::LEU2/” rad50S::URA3/” leu2/”
ORD5859 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” rec102::URA3/” rad50S::LEU2/” arg4-rV/ARG4 leu2/”
ORD5879 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” rec103::KanMX/” rad50S::URA3/” arg4-bg/ARG4 leu2/”
ORD6534 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” clb5::URA3/” clb6::TRP1/” rad50S::LEU2/” arg4-bg/” leu2/”
ORD6551 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” clb5::URA3/” rad50S::LEU2/” arg4-bg/” leu2/”
ORD6591 a/ mei4::URA3/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD6593 a/ rec103::KanMX/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD6595 a/ red1::URA3/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD6598 a/ rec114::KanMX” rad50S::LEU2/” arg4-bg/” leu2/”
ORD6626 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/”arg4-bg/ARG4 GAL2/gal2-Bsp NUC1/nuc1::LEU2 leu2/”
ORD6632 a/ GAL2/gal2-Bsp LEU2/leu2
ORD7414 a/ mer1::LEU2/” rad50S::URA3/” arg4-rV/” leu2/”
ORD7419 a/ hop1::LEU2/” rad50S::URA3/” arg4-rV/” leu2/”
ORD7420 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” mei4::URA3/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD7421 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” rec114::KanMX/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD7430 a/ mre11::KanMX/” rad50S::URA3/” arg-rV/ARG4 leu2/”
ORD7443 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” mer1::LEU2/” rad50S::URA3/” arg-rV/ARG4 leu2/”
ORD7447 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” red1::URA3/” rad50S::LEU2/” arg4-bg/” leu2/”
ORD7448 a/ mer2::URA3/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD7452 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” rad50::hisG/” com1::KanMX/” arg4-nsp/ARG4 leu2/”
ORD7454 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” hop1::LEU2/” rad50S::URA3/” arg4-rV/ARG4 leu2/”
ORD7456 a/ rad50::hisG/” com1::KanMX/” arg4-nsp, bg/ARG4 LEU2/leu2
ORD7459 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” mer2::URA3/” rad50S::LEU2/” arg4-bg/ARG4 leu2/”
ORD7461 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” mre11::KanMX/” rad50S::LEU2/” arg4-bg/” leu2/”
ORD7466 a/ xrs2::LEU2/” com1::KanMX/” arg4-nsp,bg/ARG4 leu2/”
ORD7468 a/ trp1::GAL4BD-SPO11-TRP1-KanMX/” spo11::URA3/” xrs2::LEU2/” com1:: KanMX /” arg4-nsp,bg/ARG4 leu2/”
All strains are ho::LYS2/” lys2/” ura3/” trp1/”.
All strains were constructed for this work except ORD1181 (Baudat and Nicolas, 1997) and ORD5740 (Smith et al., 2001).
gous DNA binding domain to Spo11 does not bypass The Gal4BD-Spo11 Protein Retains the Basic
Activity of Spo11the requirements for Clb5 and Clb6 activity and hence
The Gal4BD-Spo11 protein functionally resembles thedoes not overcome the meiotic replication defect that
wild-type Spo11 protein in many ways. First, it catalyzesis relevant to DSB induction. In conjunction with the
meiotic DSB formation at known hotspot loci. Exceptdemonstrated requirement for the other DSB genes, this
in the YCR048w ORF, where we detected competitionresult indicates that the Gal4DB-Spo11 protein is sub-
between natural and novel sites (see below), DSB fre-ject to the same (trans-acting) genetic controls as the
quencies were similar in all regions examined inSpo11 protein for DSB formation at both natural and
GAL4BD-SPO11 and SPO11 diploids. Second, in thetargeted sites.
RAD50 background the DSBs appear, undergo resec-
tioning, and disappear with the kinetic profile of DSBs
Discussion in wild-type strains, indicating that they are formed and
processed normally. Third, these targeted DSBs pro-
The results described here show that the Gal4BD-Spo11 mote 3:1 and 1:3 gene conversion events, indicating that
fusion acts like a wild-type Spo11 protein in promoting recombination can be initiated on either homolog and
DSB formation at natural sites and that it also stimulates that only one of a pair of sister chromatids is cleaved.
targeted DSB formation and recombination near known Fourth, the absolute level of meiotic gene conversion
Gal4 binding sites, even in naturally cold regions. More- involving the gal2-Bsp marker (in 26% of cells undergo-
over, our observations that a meiosis-specific chromatin ing meiosis) is consistent with the frequency of DSBs
transition takes place at the targeted GAL2 locus in in the promoter region, indicating that as at other meiotic
GAL4BD-SPO11 strains and that the other known DSB hotspots, these DSBs are preferentially repaired using a
genes are required or important for cleavage have impli- homologous chromosome rather than a sister chromatid
as a template. Finally, the fusion protein fully comple-cations for defining a pre-DSB scenario.
Targeted Recombination in Meiosis
181
ments a spo11 deletion in terms of spore viability, sug- gest that the targeting of Spo11 to a naturally cold region
is sufficient to attract all the other factors required togesting that genome-wide levels of recombination asso-
ciated with crossing over are sufficient to ensure proper trigger DNA cleavage. Further, the stimulation of recom-
bination at GAL2 also indicates that the machinery nec-chromosome segregation. We conclude that the addi-
tion of the 147 amino acid Gal4 binding domain to the essary to repair these meiotic DSBs can be recruited to
naturally cold regions.N terminus of the Spo11 protein does not prevent Spo11
from binding to its natural targets, from interacting with
other proteins that may be involved in forming a func- The Steps Leading to DSB Formation:
tional DSB complex, and, ultimately, from cleaving DNA. a Pre-DSB Scenario
This may not be surprising since the Gal4 DNA binding The relative timing at which the various components of
domain has been added to other DNA binding proteins the DSB machinery come into play and how they interact
(Fok1, Topo1) without interfering with their activities with one another are unsettled issues. In particular, the
(Kim et al., 1998; Beretta et al., 1999). way that Spo11 or the pre-DSB complex is attracted to
future cleavage sites is unknown. It has been shown
that there is a temporal and regional correlation betweenThe Gal4BD-Spo11 Protein Targets Meiotic DSBs
to Gal4 Binding Sites, even in Naturally replication and DSB formation (Borde et al., 2000), and
that the spo11 deletion, but not the catalytically inactiveCold Regions
In addition to the normal features of Spo11, the Gal4BD- spo11-Y135F protein, reduces the duration of meiotic
S-phase (Cha et al., 2000). Considering these observa-Spo11 protein has a property: it targets meiotic DSBs
to regions containing well-characterized UASGAL se- tions, a plausible hypothesis is that the progression of
replication creates a DNA or chromatin substrate thatquences (GAL2, GAL7, and GAL1/10) (Johnston, 1987).
The absolute frequency of DSB formation in these re- allows Spo11 to be directly or indirectly recruited to
future DSB sites. Thus, in an extension of this hypothe-gions varies: it is high (12%) at GAL2, comparable to
what is observed at the most active hotspots in the sis, it is possible that besides its known role in cleavage
and proposed function in refining the choice of DSByeast genome (Gerton et al., 2000), and it is lower at
GAL7 and GAL1/GAL10 (4% and 2%, respectively). This sites within a delineated region (Diaz et al., 2002), Spo11
could play an early and primary role in selecting futurelocus-to-locus variation does not directly correlate with
the number of consensus Gal4 binding sequences in DSB regions, perhaps by interacting with as yet unidenti-
fied replication intermediates. Our first and most strikingthe GAL2, GAL7, and GAL1/10 promoters (4, 2, and 4,
respectively) nor with the binding affinities of Gal4 to observation is that targeting Spo11 (through the Gal4BD
motif) to a novel site promotes DSB formation, indicatingthese regions (Ren et al., 2000). Although these parame-
ters do not necessarily predict how the Gal4 binding either that Spo11 alone is sufficient to recruit all the other
necessary DSB proteins or that a preexisting Spo11-domain might behave during meiosis, the observation
that Gal4 constitutively binds its target sites even in the containing complex, once targeted to a specific site,
suffices to finally trigger cleavage. Of course, at naturalabsence of galactose (Huibregtse et al., 1993) suggests
that the variation of GAL4BD-SPO11-specific DSB fre- sites, a member of the pre-DSB complex other than
Spo11 may be responsible for cleavage site selection,quencies reflects other controls. This is also the case
for wild-type meiosis, in which the frequencies of DSBs but the present data are also compatible with the idea
that Spo11 can act autonomously in this respect. A sec-in proficient domains are highly variable.
We also observed a significant stimulation of DSB ond significant finding concerns the increase in MNase
sensitivity observed at GAL2, which is known to occurformation in the YCR048w ORF (Figure 2). DSBs rarely
occur in ORFs in wild-type meiotic cells (Baudat and at Spo11-dependent natural DSB sites (Ohta et al., 1994,
1999). Increases in MNase sensitivity have been inter-Nicolas, 1997), with the exception of a few loci such as
HIS2 in S. cerevisiae (Bullard et al., 1996) and the ade6- preted as either programmed modifications that subse-
quently allow Spo11 and other DSB proteins access toM26 allele of Schizosaccharomyces pombe (Steiner et
al., 2002). The low but detectable levels of DSBs near cleavage sites, or alterations induced by the dynamic
assembly of DSB complexes at future DSB sites. Thethe two Gal4 consensus binding sites in the YCR048w
coding region strongly suggest that the Gal4BD-Spo11 meiotic chromatin transition seen at GAL2 in GAL4BD-
SPO11 cells and the additional observation that it doesprotein can bind to Gal4 consensus sequences that are
unlikely to play a role in transcriptional activation, not occur in spo11 cells (M. Furuse and K. Ohta, unpub-
lished data) strongly favor the latter hypothesis and sug-thereby extending the spectrum of potential target sites
throughout the genome to include intragenic regions. gest that the binding of Spo11 or a Spo11-containing
protein complex to target sites directly or indirectly pro-Finally, the noteworthy absence of DSBs in a 20 kb
interval centered on the GAL2 locus in wild-type cells motes the chromatin transition. Finally, our observation
that like Spo11, the Gal4BD-Spo11 protein cannot intro-(Figure 5) and of detectable DSB hotspots in a larger
interval (about 80 kb) containing GAL2 (Gerton et al., duce DSBs in the clb5 clb6 double mutant, which is
defective in premeiotic replication (Dirick et al., 1998;2000) indicate that the GAL2 locus is not an isolated
cold site in an otherwise hot chromosomal domain but Stuart and Wittenberg, 1998) and in the chromatin transi-
tion (Smith et al., 2001), reinforces the growing evidenceis instead imbedded in a cold domain. Considering the
strong stimulation of DSB formation at GAL2 (at least that Spo11 can only cleave DNA that is replicated in the
meiotic context and provides a mechanistic link be-20-fold) by the Gal4BD-Spo11 protein, we conclude that
the Gal4 DNA binding domain permits Spo11 to gain tween meiotic replication and the initiation of recombi-
nation (Baudat and Keeney, 2001; Forsburg, 2002). Thus,access to a cold region. In addition, these results sug-
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BspHI mutation was introduced at the GAL2 locus by the two-stepthe differential recruitment, assembly, and/or matura-
replacement procedure (Ausubel et al., 1988) using pICM99, whichtion of Spo11 or Spo11-containing pre-DSB complexes
contains the URA3 selectable marker. Constructs were verified byalong chromosomes provides a plausible explanation
PCR and Southern analysis.
for the non-random distribution of natural DSBs sites,
and hence recombination rates. Media and Genetic Techniques
Standard rich media (YPD, YPGal) and SD (0.67% yeast nitrogen
base without amino acids, 2% glucose), supplemented when neces-A Novel Method to Stimulate Germ Line
sary with appropriate nutrients (Ausubel et al., 1988), were used forRecombination
vegetative growth. Meiotic cultures were prepared as described
The results reported here provide the first evidence that (Alani et al., 1990).
the frequency of homologous recombination during mei-
osis can be substantially augmented at a targeted site Molecular Techniques
For detection and quantification of DSBs, genomic DNA was pre-by a simple modification of the Spo11 protein. Previous
pared from sporulating cells and subjected to Southern analysis.reports have described the use of site-specific
Parental and DSB bands were visualized with a Phosphorimagernucleases such as I-SceI, HO, or VDE to locally stimulate
and quantified with the use of ImageQuant software (Molecular Dy-
meiotic homologous recombination at loci in which the namics) as described (Vedel and Nicolas, 1999). Northern analysis
targets of these enzymes have been introduced (Jasin, was performed as described (Smith et al., 2001). Cell extracts were
1996; Malkova et al., 2000; Neale et al., 2002). Also, in prepared and analyzed by Western blotting with an anti-Gal4(DBD)
antibody (Santa Cruz Biotechnology) using standard proceduresat least two other cases, Spo11-dependent DSBs have
(Ausubel et al., 1988).been shown to form at novel locations: in S. cerevisiae,
near telomeric sequences introduced upstream of HIS4
Analysis of Chromatin Hypersensitivity(Xu and Petes, 1996) and in S. pombe, near sites of
Chromatin was isolated from premeiotic and meiotic cells and di-
introduction of the M26 heptamer sequence (Steiner et gested with micrococcal nuclease (Mnase; Ohta et al., 1994). After
al., 2002). The present method of adding a heterologous MNase treatment, DNA was digested with NcoI and XbaI and ana-
DNA binding domain to Spo11 provides an alternative lyzed by Southern hybridization using a GAL2 probe. Fragments
representing hypersensitive sites were visualized with a Fuji-strategy with distinct features and practical advantages.
BAS2000 image analyzer and quantified as described (Ohta et al.,For example, this approach exploits naturally occurring
1994).chromosomal sites of low complexity, thereby multi-
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